Introduction
Precise temperature measurement at the nanoscale based on the optical properties of a luminescent sensor presents many advantages since it provides a non-contact measurement on a wide range of temperatures including the biomedical region (30-50 C). Many luminescent compounds have been studied in recent years, like organic species 1-3 and polymers, 4-6 but also nanomaterials doped with luminescent ions such as transition metal cations [7] [8] [9] or lanthanides cations. [10] [11] [12] Thermometry based on transition metals is particularly promising. Indeed, this family of compounds permits not only a self-referenced measurement but in addition a high thermal sensitivity thanks to their appropriate and tunable energy levels.
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In previous work, we developed nanosized sensors for various applications. [15] [16] [17] Here we investigate the MgTiO 3 nanoparticles doped with Mn 4+ ions elaborated from molten salt assisted sol-gel synthesis. The sol-gel method is oen used for various types of inorganic material hosts synthesis. 18 It provides a homogenous spread of ions in the liquid phase and relatively low nal temperature treatments. Nevertheless, the nal nanopowders are oen agglomerated because of the temperature treatment, which is necessary for combusting the organic contents. In molten salt synthesis, salts are used in extent to the nal product to facilitate an increase in the reaction rate and a lowering of the reaction temperature. [19] [20] [21] The combination of these two synthetic routes presented here allows to obtain homogenous uniform nanosized MgTiO 3 :Mn 4+ nanoparticles. [22] [23] [24] [25] [26] In this work we propose a multimodal optical approach for temperature determination and we compare the thermometry results. Due to their nanosizes, these sensors could allow a local temperature measurement. Such a measurement is very useful in many elds, for instance for temperature measurement in hazardous conditions (marine, aeronautic), when there is some difficulties to access (electronic devices), or for living cell temperature mapping (medicine). and excess solvents evaporated. The obtained yellow resin-like product was dried and powdered in a mortar. The dry gel was then mixed with the eutectic mixture of NaCl (99%, Alfa Aesar) and KCl (99%, Alfa Aesar) with 1 : 10 molar excess of the salts. Aer annealing of the mixture in an alumina crucible at 750 C for 2 h, nal powder was extracted from the salt by repeated washing with water. Such obtained powder was used for further characterization. X-ray diffraction (XRD) measurements were performed using a Rigaku SmartLab diffractometer using CuKa 1,2 radiation at 30 mA and 40 kV. Diffraction data were recorded in a 2q range from 10 to 90 in 0.02 step. Transmission electron microscopy (TEM) samples were prepared by evaporating a drop of diluted suspension of nanoparticles in ethanol on a carbon-coated copper grid. The nanoparticles were studied using a TECNAI Spirit G2 apparatus. Excitation spectra were measured using a Varian Cary Eclipse Fluorescence Spectrophotometer in phosphorescence mode. Luminescence decay spectra are obtained aer an excitation provided by an Optical Parametric Oscillator (OPO) YAG:Nd pulsed laser (EKSPLA 342B) at 550 nm and recorded by a photomultiplier coupled to an oscilloscope. Photoluminescence emission spectra were excited by the same device described above and recorded by an Intensied ICCD Roper Scientic camera coupled to a 1200 grooves per mm grating monochromator.
Materials and methods

Results and discussion
Aer synthesis, nanoparticles are rst structurally characterized. (Fig. 1c) highlights the shape and good which should correspond to a large variation of the intensity ratio between these two levels in the low temperatures range.
On the excitation spectra presented in Fig. 2 Thus, the uorescence intensity ratio method (FIR) can be applied between R1 (700 nm) and R2 (697 nm) peaks between À250 and À90 C (Fig. 3b) . One can estimate a relative sensitivity from the following formula:
Using the R2/R1 ratio, the maximal sensitivity reaches about 1% C À1 at À240 C. Above À90 C, signal broadening prevents accurate measurements and the resolution strongly decreases. Consequently only one sharp R line can be clearly identied.
To go further, another intensity ratio can be used with Mn 4+ since the crystal eld value D/B is close to 22 (see Fig. 3c ). Indeed, a strong intensity increase of the band centered at about 710 nm, corresponding to the overlap of the narrow peaks, coming from interaction between Mn 4+ cations, superimposed to a broad band originating from the spin allowed 4 T 2 / 4 A 2 transition, can be observed with temperature rising. We proposed here to use the ratio of the 2 E/ 4 T 2 emissions versus temperature for temperature sensing. Looking at this ratio, the investigated temperature range appears much larger, from À200 to 50 C (see ESI-1 †). Over 50 C, as the signal intensity is quenched with temperature, as seen in the following (see the lifetime study), the signal over noise ratio in the same experimental conditions is very small. Of course, enlarging the slits of the monochromator or increasing the detector sensitivity could compensate the observed decrease but in order to get an accurate calibration, all the experimental parameters were kept constant. This also demonstrates that the simultaneous existence of both sharp R-lines emission from 2 E excited state and the broadband emission from the 4 T 2 level corresponds well to the thermal equilibrium expected between these two states, according to the Tanabe-Sugano diagram reported Fig. 3c . The energy difference between 2 E and 4 T 2 excited states is small enough to allow thermal equilibrium. Thus, with temperature increase, the probability to populate the 4 T 2 level strongly increase, but at the same time the phonon coupling is quite strong for the 4 T 2 / 4 A 2 transition. This also favors the nonradiative deexcitation toward the fundamental state, leading to the overall decrease of the intensity. The decrease of the quantum yield with temperature in the case of the Cr 3+ (isoelectronic to the Mn 4+ ) is fully documented in the literature 28-43 and the same process occurs for the tetravalent manganese. [44] [45] [46] The maximal relative sensitivity is around 1.2% C À1 at À180 C and remains above 0.6% C À1 until 50 C (Fig. 3d) , which can give an accurate temperature measurement in the low-temperature range, but also matching well with the physiological temperature range for biophotonic applications. Following the photoluminescence variation at different temperatures, the lifetime and decay proles should be strongly affected by the temperature variation. Photoluminescence decays are registered using a 550 nm pulsed laser (10 Hz) excitation. As expected, it appears that the PL lifetimes are strongly decreasing with an increase of temperature (see Fig. 4a ). The experimental lifetimes, which present nonexponential decay proles originate from thermal equilibrium of two deexcitations: the spin forbidden 2 E / 4 A 2 transition, corresponding to longer lifetime component. But also the spin allowed 4 T 2 / 4 A 2 transition characterized by shorter lifetime values and electron/phonon coupling. As said before, in the case of tetravalent manganese in MgTiO 3 matrix the 2 E and the 4 T 2 levels are in thermal equilibrium. With thermal activation, the contribution of the spin allowed transition increases at the expense of 2 E / 4 A 2 transition resulting in a decrease of the effective lifetime. The PL experimental lifetimes plotted in Fig. 4a can be deduced from the decay curves thanks to the following usual equation:
The lifetime variation is really signicant between À75 C and 50 C. Once again, the relative sensitivity is calculated in order to compare the ability of the sensor as thermometer from the following formula: 
s t corresponds to the lifetime adjustment determined with the following formula:
where s R0 is the radiative lifetime at the temperature of absolute zero, DE is the activation energy for the thermal quenching process (the calculated value is 2413 cm À1 ), k is the Boltzmann constant while a and A are tting constants.
The maximal relative sensitivity value is 4.1% C À1 at 4 C. In addition to the relative sensitivity, the temperature resolution (uncertainty in temperature) dT is the other important gure of merit of the nanothermometer's performance. 51 It describes the minimal change in the temperature that causes a noticeable variation in the studied parameter, 12 and is estimated as:
where dD/D is the relative error in the determination of the thermometric parameter. Typically, this value is about 0.5% in the case of emission ratiometric measurements 51 and 0.1% for the lifetime based thermometry. 47 The temperature resolution of the lifetime-based thermometry with MgTiO 3 :Mn 4+ nanoparticles is 0.025 C (at 4 C), which is a larger value when compared to inorganic luminescence temperature probes (see Table 1 ). The repeatability of measurements has also been investigated (see also ESI-2 †). The experimental lifetime is registered by cycling between two arbitrary chosen temperatures (here between À196
C and 25 C) as represented in Fig. 4b . This result reveals the good repeatability of our system, but also a good stability of the sensor characteristics versus time.
Conclusions
In this work, we demonstrate the multimodal thermal reading of 
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